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ABSTRACT

EFFECT OF NANOPARTICLE DISPERSIONS IN BINARY NITRATE SALT AS
THERMAL ENERGY STORAGE MATERIAL IN CONCENTRATED SOLAR
POWER APPLICATIONS

Bharath Dudda, M.S.

The University of Texas at Arlington, 2013

Supervising Professor: Donghyun Shin

Despite the huge improvements in the field of solar energy to produce electricity,
the high cost of production has been one of the major problems in this field. Con-
centrated solar power (CSP) uses a number of mirrors to concentrate solar radiant
energy onto a single focal point. Electrical power is produced when the concen-
trated light is converted to heat, which drives a heat engine connected to an electrical
power generator. This heat is first stored in a thermal energy storage (TES) and
transferred to a heat engine to be converted to electricity and thus TES can pro-
vide heat even after the sunset for extended hour of power production. Hence, the
key for reducing the cost of electricity mainly relies on the operating temperature of
TES, since it will determine the thermal to electric conversion efficiency. Increasing
TES operating temperature can enhance the cycle efficiency and as a result the cost
of electricity can be reduced. However, traditional TESs such as paraffin wax and
fatty acid are likely to decompose at high temperatures (300 400 C). Molten salts

can achieve higher temperatures leading to higher efficiency and lower costs. Hence,



they have caught the attention of researchers as a potential substitute for traditional
TESs. Molten salts can achieve higher temperatures leading to higher efficiency and
lower cost However, poor thermo-physical properties of molten salts were one of the
most challenging problems. It has been recently found that doping of nanoparticles
in molten salts significantly enhance their thermo-physical properties. In this study,
eutectic of sodium nitrate and potassium nitrate at 60:40 by weight were chosen as
the base molten salt and silica nanoparticles were used to enhance the specific heat
capacity of the salts. A modulated differential scanning calorimeter (MDSC) was
employed to measure the specific heat capacity of the TESs. Different sizes (5, 10, 30
and 60 nanometers) of nanoparticles were considered to investigate if the size of the
nanoparticle had an effect on the specific heat capacity. It was seen that the doping
of nanoparticles enhanced the specific heat capacity by approximately 27% for 60nm.
Material characterization was carried out using the Scanning Electron Microscope
(SEM) to explore the cause of the enhanced specific heat capacity and it was found
that the nano-engineered molten salts were filled with distinct nanostructures. It was
observed that as the amount of nanostructures increased the enhancement of specific
heat capacity also increased. This finding would lead to decrease in amount of TES
used in the power plants which leads to a decrease in the size of the thermal storage

tank and eventually reduces this total cost.
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CHAPTER 1
INTRODUCTION

1.1 introduction

Non renewable sources serve most of the production needs of electricity. In
order to ensure that we preserve fossil fuels, there is an urgent need for an alternative
source of electricity. Although our access to the vast reserves of clean renewable energy
such as solar, tidal, wind or geothermal energies can meet our energy demands, solar
energy has emerged as the feasible solution to this energy crisis. The sun provides
us with 120,000 Tera watts of energy per hour.[2] It has been estimated that the
amount of sunshine in these types of areas when exploited in an efficient way would
extract around 120 GWh of electricity per year from a surface area of 1 km2. This
amount of energy obtained through the means of solar power is equivalent to an
annual production of a traditional 50 MW power station powered by coal or natural
gas.[3] Speaking of the solar energy as a source to generate electricity, the two major
factors that have the maximum impact is the cost and the storage of the energy. Since,
sunlight is available for just limited amount of time in a day it was a major challenge
to produce the electricity in the later stages of the day. Lately, the technology of
concentrated solar power (CSP) has been emerging as the feasible potential to utilize
the solar power, store the sun’s energy and make use of the stored heat to generate
electricity in the later stages of the day. The potential to store energy cost-effectively
and to deliver this as electricity when needed is a huge task and also the greatest
strength of the CSP compared to other forms of energy harvesting. Generally the

storage of energy leads to the need of expensive batteries or conversion of these



stored energies into other forms which are often very inefficient and expensive. In
this regard, CSP has a huge upper hand as it can store the suns energy when it is at
the peak and deliver that power when there is need i.e. in the later stages of the day.

[4]

1.2 Concentrated solar power:
1.2.1 History

Since the 1980’s many countries like Spain, United states and Germany have
been looking up to concentrated solar power as a potential substitute to the non-
renewable sources for power generation. In the 1970’s period of energy crisis, a lot
of them invested funds for a spectrum of renewable energy sources.[5] During which
nine solar plants were constructed in the southwestern U.S from the period of 1980’s-
1990’s. These plants which are still in operation were ranging in size from 14 to 80
MW with a capacity of 354 MW.[5] But these plants produced the power reliably for
decades they had a major setback on the expenses side. Due to the low prices of fossil
fuels at that period the CSP was dried up. But the concerns about the energy security
and issues of global warming attracted these countries towards new innovations that
have reduced costs, improved efficiency of CSP systems and brought back the focus

on the CSP yet again to tackle the energy crisis. [5]

1.3  What is concentrated solar power?

Concentrated solar power uses systems use mirrors or lenses to concentrate
a large area of sunlight onto a small area. FElectrical power is produced when the
concentrated light is converted to heat, which drives a heat engine (usually a steam

turbine) connected to an electrical power generator. [6] CSP gives the option of



thermal storage which enables the plant to produce power under cloud cover and at

later stages of the day when the demand for the electricity is maximum.
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Figure 1.1. Block Diagram of CSP[1].

1.4 CSP and its componenets
As discussed above the CSP tried to concentrate the sunlight onto a small area.
To concentrate the sunlight it uses various technologies namely parabolic troughs,

concentrating dishes, the central receivers each of which are explained below in detail.

1.4.1 Parabolic troughs

Parabolic troughs are the most popular form of CSP for delivering utility-scale
power. The parabolic troughs have mirrors shaped in parabolic form. The whole
point of focus of the suns rays are reflected towards the center where an absorption

tube is suspended. There are superheated fluids which are heated and keeps traveling
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(a) Picture of a Parabolic Troughl7] (b) Block Diagram of a Parabolic Trough|8]
Figure 1.2. Parabolic Trough.

through this special tubes towards the collecting unit. There it gets heated and
generates steam to power turbines. [5] Recent technological advances have been huge
in the field of parabolic troughs. Latest power plants such as the Nevada Solar One,
164MW facility that went on line in july 2007, have shown huge improvements in the
technology related to increase in efficiency. There are a number of reasearch going on
to eliminate ball-joints and increase systems thermal capacity. Molten salt has also
become a point of focus as the High technology HTF's and storage materials to reduce
cost by directly producing steam inside the special absorption tubes. [5] In addition,
proposals are moving forward for new parabolic trough plants, including a 550 MW

plant in California and a 280 MW facility in Arizona.[5]

1.4.2 Concentrating Dish/ Striling Engines
Concentrated dish is shaped similar to a satellite dish. It works on a similar

principle to the parabolic troughs: curved mirrors reflect the sunlight on to a collecting
4



location at the centre of the dish. Instead of the long absorption tube, the sunlight
is focused on to the central collecting location suspended above the bowl of mirrors.
Because of its ability to attain very high-temperature of around 750 Celsius it heats
a thermal fluid which in turn powers a small steam or Stirling engine. These dishes
were most effectively used in remote areas where there is not sufficient space to install

a large number of mirrors since this individual dish is a self-sufficient unit. [9]
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(a) Picture of a Concentrating Dish[10] (b) Block Diagram of a Concentrating Dish[11]

Figure 1.3. Concentrating Dish.

1.4.3 Power tower system

Central receivers (or power towers) also use mirrors to focus sunlight to a focal
spotin this case, a tower. But instead of using a dish to harvest solar power, central
receivers rely on a stationary tower and nearly flat, tracking mirrors (heliostats)

arrayed around the tower. Each heliostat in the array is free-standing, and is able to



independently track the sun. Inside the receiving tower, a heat transfer fluid (usually
water or molten salt) absorbs the suns thermal energy and is used to generate steam
for a turbine. [12] Because so much sunlight is concentrated in a small area, the tower
fluid becomes superheated, reaching 650 Celsius. These higher temperatures help to
reduce the cost of thermal storage. Also, the heliostats used in central receivers are
nearly flat, rather than curved, reducing their manufacturing cost. These features

combine to give central receivers the potential to be produced inexpensively.[12]
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Figure 1.4. Power Tower System.

1.5 Thermal energy storage
The heat collected through any of the above technologies (parabolic, concen-
trating dish or power tower) is transferred to the generating unit or storage unit by

the help of heat transfer fluid (HTF). The most commonly used HTF are the mineral



oils. Lately the molten salt has caught the attention of the researchers as a potential
HTF to achieve higher temperatures.[15] This HTF carries the heat to inside a boiler
or to a storage area which is known as the thermal-energy storage (TES). [16] The
TES are usually a large thermos tank which stores the heat collected from the sun
and deliver it at the later stages of the day when the demand is maximum. The TES
systems have the greatest benefit of being applicable in most power generating plants
as it aids as a direct supplement to the existing electricity conversion systems, which
are usually rankine cycle turbines. Thus TES prevail to be the cost-effective as it
integrates with any power generating plant removing the extra charges for storage.
[16, 17] TES system goes very well with the CSP power plants since both deal with
the thermal energy. Its storage of heat can help produce electricity upto 7.5 hours
without sunlight. Sometimes the HTF like the molten salts itself can be used as TES
material to save on the cost. This is because there is always a need of additional
heat exchangers in transferring the energy from the HTF to the storage material,
from storage to the steam generating section.These additional heat exchangers are
expected to cause a loss in efficiency upto 7%. Moreover,the trough facility which
can achieve high temperatures upto 700 °F (using the high temperature fluid) re-
quires upto 3 times the amount of storage material to generate the same amount of
electricity as an integrated thermal energy storage system attaining 1050 °F'.These
factors are expected to be huge reduction in costs. There are several research carried
out on this topic. [17] The different types of TES storage examples that are commonly

used are explained below.

1.5.1 Thermocline

The Thermocline is basically a link between the collecting unit and the gener-

ating unit. But it is also possible that the HTF can be transferred from the collecting
7



unit to the generating unit by passing the thermocline entirely. The major parts that
makes up the thermocline is the storage tank, fillers, heat exchangers and storage
fluid. The huge tank is filled with fillers and the storage material. There are two
heat exchangers at the two ends of the tank connecting collecting unit and generating
unit. When the hot HTF is pumped through the tank containing the fillers and the
storage unit. It heats up the storage unit which eventually charges the thermocline.
The storage material then heats the filler by conduction and internal convection. The
electricity generation system working fluid is run through the second heat exchanger
linking the storage material to the electricity generation system to discharge the ther-
mocline. The storage material chosen for this investigation is a nitrate eutectic called
Hitec solar salt, which will be discussed in greater detail later. The filler is gener-
ally comprised of macro-sized solid material particles. The most common filler is
processed sand. The combination of the storage material and the filler creates an
aggregate thermal mass able to absorb considerable quantities of thermal energy per
volume. [18] The thermocline basically has a huge advantage as it is very rigid and
robust in design. Because of its huge size it can hold more energy per unit volume.
The size of the thermocline can be altered as per its requirement. But on the down-
side, given its huge size and material it is relatively expensive. Generally the HTF
and the storage material may or may not be the same. But it is preferred that they
are not the same since the specific heat of the storage material needs to be higher
than the HTF. The thermal conductivity plays a significant role as it determines the
heat exchanger size needed to meet the power transfer capabilities of the TES sys-
tem. The filler needs to have a high specific heat and be extremely cheap. The filler
is used to cut the cost of the thermocline, as the filler is generally at least an order
of magnitude cheaper than the storage material on a per-mass basis, while having a

similar specific heat. The standard filler currently in use is sand, due to its extremely

8



low cost and generally inert behavior. [18] A concern in a thermocline system is the
requirement that the storage material must be in a liquid form to allow for circulation
in the thermocline. Keeping the storage material in liquid form can be problematic,
as the most common storage materials have melting temperatures of above 180 °C.
Therefore, many of the thermocline systems have auxiliary heaters to maintain the
storage material in its liquid state. These heaters are frequently natural gas or electric
units, so they require substantial external energy to function, increasing the cost of

thermocline operation. [18§]
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Figure 1.5. Block Diagram of a Thermocline[42].

1.5.2 Two tank storage
The two tank storage system is very similar to the thermoclines. Here there are
two tanks present one of them cold and the other being hot. The heat exchangers

are installed similarly to the thermoclines at the ends of each tanks. In this two



tank storage the connection between the tanks has the heat exchangers linked to
the electricity generating cycle and also the storage material with the HTF. The
two-tank storage system gets charged when the cold storage material is pumped
between the two tanks so it interfaces with the HTF heat exchanger, raising the
storage materials temperature. Once the storage material is through the HTF heat
exchanger, it gets pumped to the hot tank. This pumping process continues till the
complete storage material is been pumped through the HTF heat exchanger into
the hot tank. Now the system is fully charged and is operating at its maximum
temperature. The discharging process here is carried out by pumping the hot storage
fluid back to the cold tank through the generation cycle heat exchanger. Here the hot
storage material transfers its thermal energy to the electricity generation cycle thereby
decreasing the temperature. [16, 19] The two-tank system has a huge downslide when
compared to thermoclines as they are relatively more expensive than the thermocline.
They are much more complicated as they require pump, heat exchangers and large
quantities of the storage material. Since the fillers are more cheaper than the storage
material the thermoclines are more preferred by many compared to two tank storage.
Fillers cannot be used in the two tank storage as they might not help enough to the

pumping power and also do not well with the design of the two tank storage. [16, 19]

1.6 Challenges of CSP

The storage materials used in the TES was discussed in the above section. The
major challenge of the CSP which is the cost factor is reliant on the TES since the size
of the thermal-energy storage tank, the quantity of storage material and the Heat-
transfer fluid makes up the major part of the costs. [20] Hence, several efforts were

put in to finding a suitable storage materials for TES which are both inexpensive

10
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and also high on thermo-physical properties. Lately, Molten salt have caught the
attention of researchers as a potential candidate for the storage material in TES. Since
the molten salt can be heated upto higher temperatures and thus higher-efficiency
are achievable. [21] Since they are stable upto temperatures of 1000 degree Celsius ,it
allows the solar field to heat the HTF to a higher temperature. Higher temperature
operation of the solar field reduces the cost of thermal storage because the volume
of storage material and the size of the storage vessels are reduced. [22] The usage
of molten salt HTF eliminates the need of separate fluids in solar field and storage
system and thus eliminates the need of heat exchangers between the solar field and

thermal-energy storage system.[22]

1.7 Solar salt: Molten nitrate salt eutectic as TES material

There are several solar thermal power plants in construction now. Most of them

are now employing the molten salt as their HTF. Most of the promising solutions for

11



the storage materials are also done by molten salt. The currently used storage material
is the nitrate salt eutectic which consists of mixture of sodium nitrate (NaNO3) 60%
- potassium nitrate (KNO3) 40% by weight.[23] This same mixture is also used as
the heat transfer fluid (HTF). This nitrate salt eutectic is used in most of the power
plants like the Andasol 1, 2 and 3 [24].The nitrate salt eutectic is very stable at
high temperatures upto 1050 °F' which allows high energy steam to be generated
at standard temperatures which in turn increaes thermodynamic efficiencies. |[25]
This nitrate salt eutectic is considered the best possible option because of its lower
operating pressure and better heat transfer and thus higher allowable incident flux
than a water/steam receiver. This translates into a smaller, more efficient, and lower
cost receiver and support tower. In addition, the relatively inexpensive salt can be
stored in large tanks at atmospheric pressure, allowing 1) economic and efficient
storage of thermal power collected early in the day for use during peak demand
periods; 2) increased plant capacity factor by oversizing of the collector and receiver
systems with storage of the excess thermal energy for electricity generation in the
evening; 3) isolation of the turbine-generator from solar energy transients; and 4)
operation of the turbine at maximum efficiency. [26, 27| If necessary, a molten salt
system can be hybridized with fossil fuel in a number of possible configurations to
meet demand requirements when the sun is not shining. Several research are being
carried out to translate the HTF with better thermal properties and lower melting
points. But currently the mixture of sodium nitrate (60%) and potassium nitrate
(40%) by weight is the best option.[27] The most important thing to be noticed
about the nitrate eutectic here is specific heat, which is the primary objective of this
research, the latent heat of fusion and the melting point. Although the molten salt
has many advantages it has its own set of disadvantages. The solar thermal power

are heavily dependant on the high temperature thermal storage units for continious

12



operation. Typical storage units such as mineral oil based storage are stable only till
400 °C' . It would be a huge potential if this temperature range is pushed to higher
limits such as 500-600 °C'. Although the molten salt can reach higher temperatures
than this the thermo-physical properties is very low. Especially the specific heat
capacity is very poor.[28] It is 2 kJ/kg°C' and hence may lead to dramatic increase
in size of HTF / TES. [23] If this thermophysical property can be enhanced the solar
thermal power could become more competative with coal fired power plants in near

future. [29]

1.8 significance of this study

This study revolves around the field of enhancing the specific heat capacity
which is an important thermo-physical property of the molten salt eutectic. In order
to contribute to the cost reduction stragies of CSP, this study presents a potential
HTF/TES candidate as the molten nitrate nanomaterials. Recently the nanofluids
are becoming hugely popular in enhancing the thermo-physical properties hence the
methods of fabricating the molten salt with nanoparticles are also presented in de-
tail. The enhancement of specific heat capacity without compromising on the other
thermo-physical properties like thermal conductivity and viscosity was the primary
focus of this study. National laboratories like the Argonne National Laboratories, Sa-
vannah National Laboratories are now focusing on this field of enhancing the specific
heat capacity of the molten salt doping of nanoparticles. An increase of volumetric
heat capacity translates into a better heat transfer fluid as more energy is stored per
volumetric unit in the solar concentrating section, thus more efficiency in increased
steam pressure. [30] Thus this study will be focused on addition of silica nanoparticles
to the molten nitrate salt to enhance the specific heat capacity. This enhancement

will surely cause an impact as this is the currently used storage material and could be
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easily implemented to effectively reduce the total costs and thus the cost of production

too.

1.9 Nanofluids

Colloidal suspension of nanometer-sized particles dispersed in a solvent material
is termed as a Nanofluid.[31] These nanofluids were reported to have an anomalous
enhancement of thermal conductivity when compared with the neat solvent. Water
based nanofluids were proven to have enhanced thermal conductivity by 30% and
60%,when doped with aluminium oxide and copper oxide nanoparticles. [31, 32] Also
oil based nanofluids were tried with carbon nanotubes and an amazing 161% enhance-
ment in thermal conductivity was observed. [33] Thermal conductivity of ethylene
glycol (EG) was enhanced by 40 % when mixed with Cu nanoparticles at 0.3% by
volume.[34] The thermal conductivity of EG was enhanced by 20% when mixed with
CuO nanoparticles at 4% concentration by volume.[35] The thermal conductivity of
oil (poly-alpha-olefin/ PAO) was enhanced by 150% when mixed with Carbon Nan-
otubes (CNT) at 1 % by volume.[36] Thus the enhancement of thermal conductivity
were observed with all possible nanofluids. There have been many attempts to un-
derstand these anomalous enhancements and researchers have come up with many
theories. They includes: Brownian motion of nanoparticles, molecular level layering
of the liquid at the liquid/particle interface, nature of heat transport in nanoparticles

and nanoparticle clustering. [37, 38|.

1.10 Ionic-based Nanofluids

Even though the water-based or oil-based nanofluids showed huge enhance-

ments in thermal conductivity, they were not able to enhance the other important

14



thermo-physical property of specific heat capacity. There were contradictory reports
of specific heat being decreased by 40-50% when Al1203 were doped in Al203 water
based nanofluid at 21.7% concentration.[40]. Similar to the thermal conductivity the
other important thermo-physical property, the specific heat was also enhanced by
doping of nanoparticles. Nelson et al [39] reported an enhancement of 50% by doping
in exfoliated graphite nanoparticles at 0.6% by weight in pure polyalphaolefin. But
studies on ionic based nanofluids suggest that the specific heat capacity was also en-
hanced without compromising on the thermo-physical properties. Shin and Banerjee
[41] showed an enhancement of 14.5% in specific heat capacity of the alkali chloride
salts by doping in silica nanoparticles. Nicolas et al.[30] from the Savannah National
Laboratories also showed an enhancement of 30% in heat capacity by doping in A1203
nanoparticles in ionic liquids. Betts [42] found 20% enhanced specific heat capacity

of binary nitrate salt by doping in silica nanoparticles.

1.11  Objective of this study

The primary objective of this study is to investigate if the doping of silica
nanoparticles in molten nitrate salt consisting of eutectic of Sodium-potassium nitrate
at (60-40%) by weight would enhance the specific heat capacity. Since the effect of
nanoparticle dispersions were to be studied different sizes of nanoparticle were used
namely 5nm, 10nm,30nm and 60nm .MDSC was employed to measure the specific
heat capacity of the doped nanomaterials. The obtained results were compared with
the effective specific heat capacity model as shown below. Material characterization
was carried out to study the structural changes that is happening when nanoparticles

are doped.
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O — (Vo * pp* Cpp) + (Vi % pp* Cp r) 11
pn T ( * )
Vi * pp+ Vi py

where C), ,, = specific heat cpacity of nanomaterial C,, = specific heat capacity
of nanoparticle C,, ; = specific heat capacity of base material p, = density of nanopar-
ticle p; = density of base material V,, = volume fraction of nanoparticle V; = volume

fraction of base material

1.12  motivation of the study

The issue of rising prices in cost of production through CSP was focused in this
study. Since the HTF/TES contributed to majority of the costs in CSP, researchers
attention was concentrated on choosing a potential candidate as HTF /TES material
in CSP. Reports suggested the promise behind the molten salts as potential substitues
for HTF/TES materials. It was found from earlier studies that the improvement
in the thermo-physical properties especially specific heat capacity would help the
storage material to store more heat energy per unit volume and thus reduce the
amount of TES material used. This reduction in material leads to reduction in size
of thermal storage tank and thus eventually the total costs. The huge promise of
enhanced specific heat capacity in ionic based nanofluids for the reduction in cost of
producion for generating power and also the unknown reasons behind the anomalous

enhancement motivated the urge to research on this field.
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CHAPTER 2
EXPERIMENTAL SETUP

2.1 Information on the salt eutetic and nanoparticles used

The preparation of nano-engineered molten salts are to be meticulously car-
ried out to prevent agglomeration. The mixture prepared must be a homogeneous
mixture. The Sodium-potassium nitrate powders used to prepare the nanofluids are
obtained from Spectrum chemicals. The silica nanoparticles are obtained from Melio-
rum Technologies. Four different sizes of nanoparticles were used namely 5nm, 10nm,
30nm and 60nm. A Modulated Differential Scanning Calorimeter (MDSC) was em-
ployed to measure the specific heat capacity. The material characterization was carried
out using the Scanning Electron Microscope (SEM; ZEISS Supra 55 VP) to study
the phase or the structure of the material. The pure material was first studied with
immense efforts to get familiar with the structure of the pure nitrate eutectic. The
images of the structure of a pure eutectic were captured clearly with a secondary
lens in the SEM. When an eutectic of two or more salts are mixed and the material
characterization is to be carried out, it is mandatory to be able to distinguish between
the two or more materials mixed in the eutectic. Hence, the Backscattered (BSD)
imaging lens were used to distinguish the different material used in the salt mixture.
The backscattered lens helps to distinguish the difference in materials used by dis-
playing different contrast for different material used. Thus, the use of Backscattered
lens also vindicates the question of contamination in the sample. The images of the

structure of pure nitrate eutectic was captured using the BSD lens also. The images
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taken using the BSD lens and secondary lens for the pure eutectic are shown in the

figures.

2.2 Nanofabrication of molten salt with nanoparticles

In order to mix nitrate eutectic with the silica nanoparticles, a meticulous ap-
proach was carried out to get a homogeneous mixture. The method followed to
fabricate the base material has three steps. The first being the mixing, second being
the sonication and the final one is the dehydration. The mixing is basically addition
of sodium nitrate salt of 60% by weight and potassium nitrate salt of 40% by weight
composition. The silica nanoparticles at 1% by weight was added manually into the
sample. The salts to be mixed were ready made salts as discussed earlier obtained
from Spectrum Chemicals. The Nanoparticles were obtained from the Meliorum tech-
nologies. The use of nanoparticles created several significant challenges in the area of
sample preparation. The largest challenge stems from the small size of the nanopar-
ticles: cross- contamination. In order to prevent cross-contamination, all samples
were prepared in a cleaned glovebox, and each salt type including the nanoparticles
had its own tool set, meaning there was a steel pan and scraper used only for silica
nanoparticles and another set used exclusively for sodium and potassium nitrates
respectively. Thus, a total of 198mg of molten salt with 2mg of silica nanoparticles
were mixed in a sample to be tested. The weights were tested using a microbalance
(Sartorius CPA225D). This sample was stored in an empty bottle and extreme care
was taken to maintain a clean environment to avoid contamination. Once the salts
were mixed with nanoparticles there was a need of solvent to mix it efficiently. The
solvent used to mix was distilled water. Around 20ml of distilled water was poured
into the empty bottle and mixed cleanly. The process of nanofabrication always needs

to be examined and carried out efficiently to avoid agglomeration since the particles
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at nano size have the tendency to attract towards each other. Hence the second step
of sonication was carried out. An ultrasonicator (Branson 3510, Branson Ultrasonics
Co.) was employed to sonicate the mixture in order to ensure excellent dispersion of
nanoparticles inside the mixture and also to avoid to the potential agglomeration of
nanoparticles. To avoid this effect, the ultra-sonication process was carried out . The
sample is sonicated in the ultrasonicator for approximately 200 minutes. Once the
sonication was completed, the mixture was removed and the salt solution is dehy-
drated by placing it on a hot plate at 200 C for Thrs. The obtained dehydrated salt

was used as the testing material for the MDSC.

2.3 Sample preparation for testing in MDSC

Modulated differential scanning calorimeter (MDSC; Q20, TA Instruments,
Inc.) was used to measure the specific heat capacity of the testing material. A total of
200mg of nitrate eutectic with nanoparticles were prepared each time before testing it
in MDSC. A Tzero hermetic pan/lid (TA instruments) was used to place the samples
in the MDSC. The empty pan was first measured using the same microbalance. The
salt prepared was loaded into the empty pan carefully. In order to ensure the sample
being loaded is free of moisture each testing material was heated to approximately 30
minutes before being loaded into the pan. The moisture absorbed material not only
gives you a bad result but also damages the working of the machine. Hence extreme
care was taken to avoid the moisture in the samples. The sample mass ranged from
15 - 25 mg. The Tzero hermetic pan/lid was hermetically sealed to avoid any further
absorb-able moisture. The absence of moisture were confirmed by the steady heat

flow signal in the MDSC.
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2.4 Modulated differential scanning calorimeter (MDSC)

MDSC basically works on the principle of comparing the thermal energy of
two samples simultaneously. One sample being the reference which is empty and the
other is the loaded sample. The heat flow which is recorded is the reference thermal
energy input minus the sample thermal energy input to create a single value which
represents the difference in energy required to raise the temperature of the sample
and reference items by the same quantity. There are two methods to get the specific
heat from this information: ASTM 1269E and MDSC. [34] In this research the MDSC
method were used to measure the specific heat capacity. The MDSC was considered
given its precision in measuring the specific heat capacity better than the traditional
DSC method. The traditional DSC method’s accuracy is often less than desired
(10%). This method superimposes a sinusoidal temperature variation over a fixed
temperature increase rate. Using the sinusoidal temperature response of the sample
and reference pans, the specific heat of the sample can be found. [34] Modulated DSC
enjoys a significant advantage over standard DSC because it does not require a stable
baseline to achieve high accuracy. The measurement of Reversing heat capacity is
only based on the amplitude of the modulated heat flow signal and not its average
value. Standard DSC uses the average heat flow rate, which is only as stable as the
baseline of the instrument. That is why three runs are usually required with standard
DSC and also why they must be done in immediate succession in order to obtain the
best results. The Total heat capacity signal of MDSC is also based on the absolute
value of the heat flow signal, but is less accurate than in standard DSC because of

the slower average heating rate used.[34]
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2.5 Testing procedure using MDSC

A standard automated procedure was implemented to perform the heat capacity
measurements using the MDSC. The sample was initially maintained at 140 C to
stabilize the signal of the calorimeter. The temperature was then increased linearly
by 2 C/min till 500 C. The sample is then maintained at the same temperature for
5 min to check its stability and ensure steady state conditions. Same procedure was
implemented repeatedly on a same sample for 3 times to ensure the repeatability of

the instrument and results were recorded.
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CHAPTER 3
RESULTS AND DISCUSSIONS

3.1 Specific heat results from MDSC

The eutectic of NaNO3-KNO3 at 60-40% by weight was doped with the silica
nanoparticle of sizes bnm, 10nm, 30nm and 60nm. There were 5 different samples
prepared for each sizes and also the pure sample to compare the results. Each sample
was tested thrice to get the repeatability. The specific heat capacity was measured
by the MDSC and the graphs showing the heat flow is shown. It was observed that
the melting point of the Nitrate eutectic was around 222 °C' which matches well with
the literature values.[42] There was no change in the melting point of nitrate eutectic
when the nanoparticles were doped in. It was observed from the graph that the
molten salt remains in the liquid phase for most part of the testing. The specific heat
capacity of both the solid phase and liquid phase was recorded. The average specific
heat capacity of the pure sample at the solid phase was observed to be 1.21 J/g°C.
The average specific heat capacity of the nanomaterial at the solid phase for the 5nm,
10nm, 30nm and 60nm was found to be 1.25 J/g°C, 1.26 J/g°C, 1.27 J/¢°C, and
1.34 J/g°C, respectively. The average specific heat capacity of the pure sample at
liquid phase was found to be 1.47 J/g°C. The average specific heat capacity of the
nanomaterial of 5nm, 10nm, 30nm and 60nm at liquid phase was found to be 1.60
J/g C, 1.63 J/g°C, 1.73 J/¢°C, and 1.81 J/g°C respectively. This shows a very
high enhancement compared to the solid phase. The enhancement of the 60 nm is
the highest among the samples which is approximately 27 % as shown in table 3.2.

These results were compared with the conventional effective specific heat capacity
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model (equation 1.1). This model based on simple mixing theory failed to predict
the enhancement in both the solid and liquid phase. Since the specific heat capacity
of nanoparticle and pure eutectic are about 1.0 J/¢°C and 1.6 J/g°C, respectively.
The nanoparticle concentration was very small (1 % by weight). Thus, estimate by
the model was slightly lower than the pure eutectic.

It was observed that the 60nm nanomaterial had the highest percentage of
enhancement upto 28% compared to the pure eutectic. The average enhancement
of the Snm nanomaterial was found to be 8%. The specific heat capacity of 10
nm nanomaterial was enhanced by an average of 12 %. The specific heat capacity
of 30 nm nanomaterial was enhanced by an average of 19 %. The specific heat
capacity of 60 nm nanomaterial was enhanced by an average of 27 % than the pure
eutectic. Measurement uncertainty was found to be less than 3 %. To verify the
measurement accuracy, the specific heat capacity of the pure eutectic was compared
with the literature value ( 1.50-1.53 kJ/kgC) and made a good agreement. [33] The
error was less than 5%. Fig. 3.1 shows cp vs. temperature of pure sample relative

to bnm, 10nm, 30nm, and 60nm nanomaterial tested.
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Table 3.1. Specific heat capacity of base eutectic and nanomaterials (solid phase)

cp (kJ/kgC) Base | nanomaterial | nanomaterial | nanomaterial | nanomaterial
eutectic (5nm) (10nm) (30nm) (60nm)
1st sample 1.24 1.28 1.29 1.34 1.31
2nd sample 1.20 1.31 1.24 1.25 1.31
3rd sample 1.23 1.21 1.26 1.24 1.36
4th sample 1.20 1.22 1.2 1.25 1.31
5th sample 1.20 1.24 1.29 1.28 1.41
Average 1.21 1.25 1.26 1.27 1.34
Enhancement - 3% 3% 5% 10%
Standard 0.02 0.04 0.04 0.04 0.04
deviation

Table 3.2. Specific heat capacity of base eutectic and nanomaterials (liquid phase)

cp (kJ/kgC) Base | nanomaterial | nanomaterial | nanomaterial | nanomaterial
eutectic (5nm) (10nm) (30nm) (60nm)
1st sample 1.5 1.62 1.69 1.72 1.76
2nd sample 1.45 1.62 1.57 1.71 1.77
3rd sample 1.48 1.59 1.63 1.71 1.82
4th sample 1.44 1.56 1.58 1.72 1.77
5th sample 1.46 1.57 1.65 1.76 1.90
Average 1.47 1.59 1.62 1.72 1.80
Enhancement , 10% 13% 21% 28%
Standard 0.02 0.03 0.05 0.02 0.06
deviation
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Figure 3.1. The variation of specific heat capacity with temperature for the pure eu-

tectic and the nanomaterials (5 nm, 10 nm, 30 nm and 60 nm) in the full temperature
range (150 C 450 C)..
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Figure 3.2. The variation of specific heat capacity with temperature for the pure
eutectic and the nanomaterials (5 nm, 10 nm, 30 nm and 60 nm) in the solid phase
(150 C 190 C). The specific heat capacity of nanomaterials samples were enhanced by

3-10 % in comparison with the pure eutectic and slightly increased with nanoparticle
size..
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Figure 3.3. The variation of specific heat capacity with temperature for the pure
eutectic and the nanomaterials (5 nm, 10 nm, 30 nm and 60 nm) in the liquid phase
(250 C 450 C). The specific heat capacity of nanomaterials samples were enhanced

by 10-28 % in comparison with the pure eutectic and increased with nanoparticle
size..
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3.2 Material characterization

Generally, the enhancement of the specific heat capacity is dependent on the
phase or structure of the material. Thus it was necessary to conduct a material char-
acterization to study the structural changes. The changes in structure of the nano-
materials with enhancement compared to the pure sample were stored and analyzed.
When the nanomaterials were put to test under the microscope it was observed that

there were strange structures at microscale at most parts of the sample. The area
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where these special structures were found was focused at high resolution in secondary
lens as shown in the figure 4.10. Within this area, salt eutectic molecules seem to
form very small structures resembling particles, threads, or webs at the size of 10-100
nm. These special structures when studied in the BSD lens clearly showed a different
contrast than the two materials present in the eutectic. This clearly showed that the
special structures were additional structures present only in the nanomaterials. It was
also evident that they were caused by the addition of nanoparticles. The difference
in contrast of those structures are clearly shown in the figures (14-20) below. All the
SEM images have been captured at the same resolution and focus so as to get a good
comparison between the sizes. According to the literature, salt eutectics are likely
to form nanostructures (resembling thread or web patterns) near nanoparticles.[35]
These nanostructures are expected to have very high specific surface area compared to
the bulk material. Thus this excess surface area might give the edge for the material
to hold more heat per unit area thus enhancing the specific heat capacity.[35]

When nanomaterials of all the sizes tested were put under study, it was no-
ticed that the nanostructures were present in all the nanomaterials tested. But these
nanostructures were hard to find in 5nm or 10nm samples which had relatively less en-
hancement. But the nanostructures were more easily visible and were present in huge
quantities compared to the 5nm and 10nm in the 30nm and 60nm(Since 30nm and
60nm had higher enhancement than 5nm and 10nm nanomaterial). The maximum
number of nanostructures were present in the 60nm sample which was the highest en-
hanced sample of the lot. It was evident that more nanostructures were present in the
nanomaterials with higher sized nanoparticles.It was analyzed that the nanomaterials
with higher number of nanostructures had higher enhancement however the reason
behind the formation of these nanostructures only in higher sized nanoparticles were

still unclear. Thus it was deduced that the presence of nanostructures can increase
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the specific heat capacity and not the size of the nanoparticle. The figure 1 3.5 shows
the structure of the pure eutectic (in BSD image) which has no strange structures or
any special structure.But when we move to the 3.6 we can find some irregularities in
the structure of the salt. When clearly observed at high resolution it was noticed that
there were presence of nanostructures at all the parts of the sample as shown in figure
3.10.These nanostructures seem to increase and become slightly more visible in 10nm
as shown in the figure 3.7. There were clear increase in the amount of nanostructures
as we move from 5nm to 10nm to 30nm and 60nm. The nanostructures in the 30nm
and 60nm are shown in the figure 3.8 and 3.9 respectievely. All the figures below are
taken in the BSD lens to distinguish the difference between the nanostructures and

the phase structure of the material.
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Figure 3.5. The pure nitrate eutectic structure without nanoparticles. This is a back
scattered electron image and no significant difference in contrast was observed..
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Figure 3.6. 5 nm nanomaterial structure. Comparing with pure eutectic structure
(Fig. 3.5), a few small structural changes are rarely observed. (bright area in the
image) A high resolution image of these changes is available in Fig. 3.10. This sample
shows less than 10 % enhanced specific heat capacity compared with that of pure salt
eutectic..
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Figure 3.7. 10 nm nanomaterial structure. The contrast difference shown in the
backscattered electron image clearly shows the nanostructures formed by the salt
eutectic. Comparing with 5 nm nanomaterial (Fig. 3.6), the observed amount of
nanostructures is increased. This sample shows 13 % enhanced specific heat capacity
compared with that of pure salt eutectic..
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Figure 3.8. 30 nm nanomaterial structure. The contrast difference shown in the
backscattered electron image clearly shows the nanostructures formed by the salt
eutectic. The quantitative increase of nanostructures is clearly visible here. The
amount of nanostructures clearly increased compared with 5 nm (Fig. 3.6) and 10
nm (Fig. 3.7) samples. This sample shows 21 % enhanced specific heat capacity
compared with that of pure salt eutectic..
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Figure 3.9. 60 nm nanomaterial structure. This sample shows the highest enhance-
ment in specific heat capacity (28 %) compared with that of pure salt eutectic. It is
shown in the figure that nanostructures are present almost everywhere. The presence
of the large amount of nanostructures can be responsible for the high enhancement
in specific heat capacity..
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Figure 3.10. A high resolution image of the small structural change found in 5 nm
nanomaterial (Fig. 3.6). In this portion of nanomaterial, salt eutectic molecules seem
to form very small structures resembling particles, threads, or webs at the size of
10-100 nm (nanostructure)..

3.3 Nanostructures

Earlier, Shin and Banerjee [41] had proposed the presence of nanostructures
enhancing the specific heat capacity in their study about the molten chloride salts
doped with the nanoparticles. Surprisingly, the results obtained in this research
makes a good agreement with that results and study. Since the gradual increase of
specific heat capacity of nanomaterials with increase in amount of nanostructures
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were observed, these nanostructures were deduced to be the reason behind the en-
hancement.Since nanoparticles have a very large surface area per unit volume, It leads
to a large increase in exterior atoms relative to the interior atoms compared to bulk
material. Thus the role of surface phonons on specific heat capacity becomes a vital
factor for the heat capacity mechanism of nanoparticles and thus nanoparticles have
higher specific heat capacity than the bulk. Wang et al [43] theoretically proved the
surface effect on the specific heat capacity on the nanoparticle. Wang et al [44] also
experimentally proved an enhancement of specific heat capacity of AlsO3 nanopar-
ticles by 25%. Similarly, the nanostructures shown in the material characterization
also have very large specific surface area. Hence, the specific heat capacity of nanos-
tructure can be also significantly enhanced as nanoparticles and contributes to the
enhanced specific heat capacity of nanomaterial.

There should be a localized chemistry change within the salt mixture. When
oxide nanoparticles are doped in the salt mixture, hydroxide (OH_) layer is formed
on the surface of the nanoparticle. Since the layer formed on the surface is of the
negative charge all the positively charged ion in the salt mixture ( Nat, KT in this
case) will react with the OH- layer on the nanoparticles. This is expected to happen
as the salt mixture used here is an eutectic of two salts with different melting points.
Hence there would be a possibility of molten state with solid and thus there must
be a temperature gradient.This interaction leads each salt mixture to move away
separately and get crystallized which is deduced to be the origin of nanostructure.
However, it is unclear why the amount of nanostructure formations increases with
nanoparticle size and it is also evident that the nanostructures are directly influenced
by the nanoparticle size. But the heat capacity enhancement is dependent on the
increased surface area of nanostructures but independent of nanoparticle size. The

reasons behind the formation of nanostructures and its dependence on the size of
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nanoparticle are still unknown. (Subject of ongoing research) Possible explanation
include: 1) the dispersion ability of nanoparticles relies on the size of nanoparticles.
It is possible that too small nanoparticles (5 nm and 10 nm) may not be properly
dispersed but precipitated and this hinders the formation of nanostructures. 2) It is
possible that too small nanoparticles are likely to agglomerate and may minimize the
formation of nanostructures. (This is the subject of on-going research in our group).

Generally, the enhancement of the specific heat capacity is dependent on the
phase or structure of the material. Thus it was evident that there must be a change in
structure of the material if there is a certain enhancement each time the nanoparticles
were doped. Moreover, The change in enhancement when the size was varied made it
much convincing that a study must be carried out to observe the changes at microscale
in nanomaterials with huge enhancement. Thus the next part of the experiment was

to carry out the material characterization.
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CHAPTER 4
CONCLUSION

In this study, we investigated the specific heat capacity of silica nanoparticle
doped Hitec solar salt NaNO3-KNO3 eutectic (60:40 by weight) . Four different sizes
of nanoparticles were doped varying from 5nm to 60nm (SiO2 nanoparticles 1% by
weight) to test the molten salt nanomaterials for HTF/TES applications in CSP. The
specific heat capacity was noted down from the graph of the Modulated differential
scanning calorimeter (MDSC) as function of temperature. The specific heat capacity
was measured at both solid and liquid phase. The average enhancement of specific
heat capacity of the nanomaterials doped with 5nm, 10nm, 30nm and 60nm were
found to be 3-10% in the solid phase and 8-28% in the liquid phase respectively.
Material characterization was carried out to study the structural changes once the
nanoparticles are doped. It was found that special nanostructures were formed in the
salt mixture. The possible explainations behind the formation of such structures were
discussed and the same was deduced to be the cause for the anamolous enhancement
of specific heat capacity. It was observed as the amount of nanostructures increased
with each nanomaterial. It was deduced that the amount of nanostructures impacts
the specific heat capacity of the nanomaterial. Hence more the nanostructures more
would be the specific heat capacity. According to the literature [41] nanostructures
have a very large specific surface area and this significantly amplifies the contribution
of surface energy on the specific heat capacity.

Using these nanomaterials with improved specific heat capacity as HTF in CSP

systems can significantly reduce the necessary amount of HTF material, the size of
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thermal transport system, thermal storage system, and thus will help to reduce the

cost of electricity produced by CSP.
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